Brain-machine interfaces (BMIs) hold promise to treat neurological disabilities by linking intact brain circuitry to assistive devices, such as limb prostheses, wheelchairs, artificial sensors, and computers. BMIs have experienced very rapid development in recent years, facilitated by advances in neural recordings, computer technologies and robots. BMIs are commonly classified into three types: sensory, motor and bidirectional, which subserve motor, sensory and sensorimotor functions, respectively. Additionally, cognitive BMIs have emerged in the domain of higher brain functions. BMIs are also classified as noninvasive or invasive according to the degree of their interference with the biological tissue. Although noninvasive BMIs are safe and easy to implement, their information bandwidth is limited. Invasive BMIs hold promise to improve the bandwidth by utilizing multichannel recordings from ensembles of brain neurons. BMIs have a broad range of clinical goals, as well as the goal to enhance normal brain functions.
1) motor, 2) sensory, and 3) bidirectional (sensorimotor). This classification resembles a simplified model of the nervous system that labels areas as "sensory" or "motor". In reality, very few brain areas can be considered purely motor or purely sensory. Sensory and motor functions are intermixed in the brain, so the term "sensorimotor" is more appropriate for most of the areas [9, 10] . Recently developed bidirectional BMIs can be viewed as a model of such conjoint sensorimotor processing [11] .
The development of BMIs has been nothing short of spectacular in recent years.
We have seen an exponential growth in BMI publications. Many of the published results were entertained exclusively in science fiction not so long ago, and nobody expected that they would become real so soon. Notwithstanding the success of proof of concept BMI demonstrations, a large number of these projects are at the stage of laboratory testing, and years of research will be required for them to translate to clinical arena and consumer applications. One notable exception is the cochlear implant, which has been extremely successful [12, 13] .
The prospect of BMIs intruding into the content of our minds, reading out thoughts and altering neural processing brings about ethical issues [14, 15] . For instance, how to prevent unwanted interactions of BMIs with the representation of self and free will? Such questions are particularly pertinent to BMIs that operate in cognitive domain, such as BMIs that decode decisions [16] and handle memories [17] . Although many of ethical issues related to BMIs seem far-fetched today, these questions will certainly become much more important in the future, when the development of artificial parts for the brain accelerates.
Brief history of BMI research
Multielectrode brain implants date back to the experiments conducted by Lilly in the 1950s [9] .
He implanted several hundreds of electrodes in monkey cortical areas and used these implants to apply electrical stimulation to different cortical locations. Lilly observed that electrical stimulation of both motor and somatosensory areas evoked movements of body parts.
In the 1960s and 1970s, scientists started to experiment with neurophysiological recordings as a method to provide subjects with a biofeedback of their own brain activity.
Nowlis, Kamiya, Black and Sterman gave their subjects (animal and humans) a biofeedback of their EEG rhythms [1] . The subjects learned to control cortical rhythms voluntarily.
In
1963, Walter conducted an experiment that can be considered the first demonstrations of a BMI. He recorded readiness potentials in the motor cortex of patients undergoing neural surgery [18] .
The patients were instructed to push a button in order to advance a slide projector.
Readiness potentials occurred shortly before the button presses and were prominent enough to serve as a trigger for the projector.
Accordingly, Walter connected the motor cortex to the projector directly. The subjects still continued to press the button, but the Figure 1 . Brain-machine interface (BMI) for reaching and grasping by a robotic arm. Extracellular activity of cortical neurons was sampled with multielectrode arrays implanted in multiple cortical areas of a rhesus monkey. These neuronal signals were decoded and redirected to the controller of a robotic arm equipped with a gripper. The position of the robotic arm was displayed to the monkey as a computer cursor. The cursor size conveyed the information about the gripping force. The behavioral task required reaching and grasping virtual targets. In a manual version of the task, the monkey operated the robot by moving a two-dimensional joystick. The gripping force was produced when the monkeys squeezed the joystick handle. To enact direct brain control, the joystick was disconnected from the robot, and the robot was operated by the motor commands extracted from the cortical activity. Adapted from [6] .
readiness potentials often completed the job before the subjects moved.
A few years later, scientists at the National Institutes of Health (NIH) announced that the development of neurally controlled devices was their research goal. Group leader Frank wrote, "We will be engaged in the development of principles and techniques by which information from the nervous system can be used to control external devices such as prosthetic devices, communications equipment, teleoperators... and ultimately perhaps even computers" [19] . To accomplish this goal, the scientists implanted several electrodes in monkey motor cortex and recorded from a small population of neurons [20] . Their monkeys performed a wrist movement task. In an offline analysis of these recordings, multiple linear regression analysis was applied to reconstruct the movement traces from the neuronal activity with good accuracy. Next, the reconstruction algorithm was implemented online, and NIH monkeys were able to move a cursor on a LED display with their cortical modulations [21] .
At about the same time, Fetz and his colleagues conducted pioneering studies on volitional control of single cortical neurons.
Monkeys were operantly conditioned to voluntarily modulate firing rates of single cortical neurons [22] . Such control was possible even in the absence of overt limb movements.
In parallel to these studies on motor BMIs, research has started on sensory BMIs. Cochlear implant was the most notable development [13] . The methodology of single-unit recordings was employed in many subsequent studies.
Wise and his colleagues observed that neurons in premotor cortex were attuned to movement direction several seconds before movements started [38] . In these experiments monkeys were instructed of movement direction, but had to withhold movements until a trigger stimulus 
Extraction of Information from neuronal ensembles
The larger the neuronal ensemble recorded, simultaneously [28] . Additionally, ensemble recordings assure stability of BMI control [1] .
As to Jennifer Aniston neurons, they are more likely to be discovered when there is a large neuronal sample to select from.
Decoding algorithms
BMI decoders employ statistical and machinelearning methods to optimally extract behavioral parameters from neural activity. Initial settings of a decoder are computed using a sample dataset, also called training dataset. For example, in monkey experiments, training data is often derived from 5 to 10 minutes of performance during which monkeys execute their motor task manually, for example using a joystick [6, 11, 27] . The Wiener filter works in a very similar way to the population vector, but has an improved accuracy because it minimizes mean-square error [45] . The output of the Wiener filter for time t represents a weighted sum of neuronal rates measured at several points (lags or taps) in the past. In a typical BMI implementation, 5-10 lags span 1 s interval preceding time t.
The weights are computed for each neuron and each lag using matrix transforms of the training data.
The Kalman filter works better than the 
Motor BMIs and theories of motor control
Several theories of motor control were originally developed to explain neuronal mechanism of movements, but they are also relevant for the development of better BMIs. 
BMIs that enable arm movements
Reaching and grasping movements are vital for our everyday activity. Unsurprisingly, many BMI developers primarily focused on this type of movement. Figure 1 shows the main components of a BMI for reaching and grasping implemented in rhesus monkeys [6, 27] . In this study, monkeys Following these demonstrations in monkeys, the laboratories of Donoghue [32] and Schwartz [35] implanted paralyzed patients with invasive cortical arrays and implemented BMIs that control reaching and grasping performed by sophisticated robotic arms.
In the meanwhile the group of Nicolelis developed a BMI that controlled two virtual arms simultaneously [29] . Several hundreds of neurons of neurons were sampled simultaneously in multiple cortical areas. 
Functional electrical stimulation
An alternative to using robotic arms and exoskeletons, is to connect cortical output to the subjects' own muscles, and use functional electrical stimulation (FES) as the method to produce movements. Several BMIs of this kind have been reported.
Pfurtscheller and his colleagues attached a FES device to the forearm of a tetraplegic patient [56] . The BMI control was driven by EEG beta rhythms which the subject produced by imagining his foot move. The subjects learned to grasp objects using this BMI.
Fetz and his colleagues demonstrated a similar BMI control using invasive recordings from monkey motor cortex [42] . After a The researchers at the Nicolelis laboratory
were the first to test the possibility that kinematics of bipedal locomotion can be extracted from the primate cortex [28] . Figure 2 illustrates the settings of this experiment.
Rhesus monkeys were trained to walk bipedally on a treadmill. While the monkeys performed this task, neuronal ensemble activity was recorded from cortical sensorimotor areas representing the lower limbs. Monkey leg movements were tracked with video cameras.
A BMI decoder was set to extract leg kinematics from the cortical modulations. The decoding worked well for both forward and backward walking.
Inspired by these results, Nicolelis and his colleagues founded the Walk Again Project, an international consortium for the development of the first cortically driven exoskeleton [2] .
Nicolelis expects that such exoskeleton will restore mobility to patients suffering from various degrees of leg paralysis. A similar endeavor, called Mindwalker, started in Europe [59] . Additionally, Contreras Vidal and his colleagues proposed to drive a leg exoskeleton with EEGs. In support of this idea, they decoded gait kinematics from the EEGs recorded in human subjects walking on a treadmill [60] .
In addition to cortically controlled BMIs for restoration of walking, there are alternative strategies based on the idea that locomotion can be induced by reactivation of the spinal CPG. Such reactivation was implemented in rats [61] . Locomotion was triggered in rats with spinal cord transections using a combination of epidural electrical stimulation with pharmacological effects of serotonergic agonists.
Perhaps in the future, a hybrid, cortico-spinal BMI will be tested with voluntary aspects of locomotion controlled by cortical activity and automated patterns generated by the spinal CPG.
Neuronal plasticity associated with BMI usage
Many studies have provided evidence of brain plasticity associated with learning to control a BMI. It has been suggested that such plasticity could eventually assimilate prosthetic limbs in the brain representation of the body [1, 44] .
BMI control of external devices has much in common with using a tool. In a famous experiment on cortical plasticity associated with tool usage, Iriki and his colleagues trained monkeys to reach toward distant objects with a rake [62] . After the monkeys practiced with this tool, neurons in posterior parietal cortex acquired visual receptive fields extending along the length of the rake. Long-term usage of BMIs could produce similar brain remapping, and several papers have already provided evidence for such plasticity. Neurons engaged in BMI control exhibit stronger modulations [63] , changes in correlation with each other [6, 29] , and changes in directional tuning [27] . Additionally, cortical neurons have been shown to adapt to rotational transformation applied to a subset of neurons engaged in BMI control [64] . 
Noninvasive BMIs
Safety is an important consideration when choosing a BMI system. The safest, nonivasive BMIs, utilize sensors that sample neural signals without penetrating into the biological tissue.
Many practical noninvasive BMIs have been developed, such as BMIs for communication, prosthetic control and wheelchair navigation [65] [66] [67] [68] . Remarkably, severely impaired 'locked in' patients were able to communicate with the outside world using EEG based spelling devices [48, 49] .
EEG is the most common noninvasive method. EEG-based BMIs are categorized into two classes: independent (endogenous) and dependent (exogenous). In Figure 2 . Extraction of locomotion kinematics from cortical ensemble activity. Neuronal ensembles were recorded in the sensorimotor cortex while monkeys walked bipedally on a treadmill. Blue curves represent actual movements tracked with a video tracking system. Red curves represent decoded movements. Adapted from Fitzsimmons et al. [28] . [70] .
Several objects appear on the screen, each flickering at its own frequency. Subjects make selections by looking at one of the objects.
P300 evoked potentials are employed in a similar way [71] .
EEG-based BMIs have achieved many important milestones, such as control of a robot [72] , wheelchair navigation [65] , and control of hand orthosis [56, 73] .
A note of caution should be made about EEG artifacts. A survey of papers on EEG-based BMIs has revealed that EEG artifacts were not handled adequately in many studies [74] . This A brainstem implant has been developed for patients with severe damage to cochlea [12] .
Sensory BMIs
This device stimulates the cochlear nucleus through surface or penetrating electrodes.
Several patients with this implants had low quality of sound recognition; for others the performance reached the benchmarks of cochlear implants.
Visual prosthesis
Current visual prostheses can restore simple visual sensations [85] . electrodes placed over the visual cortex [24] .
It seems reasonable to expect that better results will be obtained with intracortical microelectrode arrays.
Bidirectional BMIs
Sensorized or bidirectional BMIs simultaneously decode brain activity and deliver artificial sensory feedback to the brain. 
